The acquisition of soft tissue measurements, fat (chemical) or adipose tissue (morphological) quantities, is essential in clinical research and nutritional status and its associated health risks. This has led to a proliferation of methods for the in-vivo determination of body composition. None of the indirect in-vivo approaches to estimate body adipose tissue has been validated against direct dissection data except for the skinfold.
Introduction
The need to accurately measure bone, adipose tissue (AT), skeletal muscle, and lean body mass in vivo is apparent in several public health disciplines. But accurate measures consequently demand precise techniques and instruments including quality control of their variables. There is no doubt that widely applicable descriptive field methods based on the simple available techniques remain important and useful (Heymsfield et al., 2000; Jürimäe et al., 2007) as long as we are aware that indices such as BMI, H/W ratio, and %AT formulae offer prediction or approximation values only (Clarys et al., 1987 (Clarys et al., , 2005 Marfell-Jones et al., 2003) . The advantage of CT and MRI over earlier methods is the direct visualization of images depicting BC tissues in 3-dimensions or as and a cross-sectional area. But again we must be aware that these images need to be combined with mathematical reconstruction algorithms in order to estimate BC tissues masses. The borderline between estimation and accuracy becomes vague with the increasing sophistication of the equipment.
In parallel, accurate measures and validated methods will allow for a quality BC assessment only if endorsed by a standard reference. Until recently hydrodensitometry was accepted as the gold standard. This two-component model [Fat Mass (FM) and Fat Free Mass (FFM)] assumes that the constituents of both components have constant densities and that the relative amounts within FFM (H 2 O, mineral, protein) are known, additive, and constant also (Heymsfield et al., 1990; Siri, 1956; Visser et al., 1997) . 
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Unfortunately, BC estimates from whole body density are affected by a series of errors resulting from variation in the density of FFM, in particular when used on subjects who have changes in bone mineralization or hydration of the FFM due to aging or disease. BC assessments based upon whole body hydrodensitometry and in particular the associated Siri (1956) equation is no longer considered acceptable as a whole body criterion measure (Clasey et al., 1999; Going, 1996; Johansson et al., 1993; Martin et al., 2003; Prior et al., 1997) .
This reasoning is not applicable on single tissue and in vitro circumstances (Clarys and Martin, 1990; Clarys et al., 1999 Clarys et al., , 2005 Martin et al., 1985) .
The major question that arises is: what are the criteria for a criterion or a reference? Can we accept validation against indirect and estimated references? Based on the studies of Clasey et al. (1999) , Haarbo et al. (1991) , Johansson et al. (1993) , Prior et al. (1997) , DEXA has been suggested as the new criterion for % fat, a criterion for FFM, and a criterion for bone mineral content. In addition, DEXA is suggested as the gold standard for validation of other techniques essential for the measurement of B.C. in vivo (e.g., Eston et al., 2005; Mavroeidi and Stewart, 2003; Salamone et al., 2000; Poortmans et al., 2005) . However, this perception is opposed to the actually still standing statement of Heyward (1996) : "Given that hydrodensitometry, hydrometry and DEXA are subject to measurement error and violation of basic assumptions underlying their use none of these should be considered as a gold standard method for in vivo BC assessment" (p. 151).
In addition there remains the persisting confusion of terminology between Fat, Fat Free Mass (FFM) and Adipose Tissue, Adipose Tissue Free Mass (ATFM). Both Fat and FFM are a chemical concept without an anatomical or physiological basis. AT and ATFM have a morphological-anatomical basis. Too often FAT is used instead of AT (Clarys and Martin, 1990; Clarys et al., 1987; Martin et al., 1994 Martin et al., , 2003 and in the case of DEXA this terminology confusion creates ambiguity of interpretation.
In an attempt to verify the data acquisition capacities of DEXA and evaluate the quality and specificity of whole body AT, of ATFM, of muscle mass, and of bone mineral content (BMC) with the assumed accuracy of DEXA, direct carcass/cadaver type validation is suggested in order to obtain both the direct or absolute values and the predicted values allowing assessment of potential errors.
This pilot study will verify the accuracy, the quality, and the prediction capacity of an indirect body composition data acquisition system, e.g. DEXA, using direct measures of ad hoc in vitro tissue dissection.
Materials and Methods
Domestic porcine hind legs (nϭ14) prepared for human consumption were acquired commercially and vacuum-packed immediately after the slaughter procedure. Each hind leg was weighed using an electronic (calibrated) scale prior to the DEXA scanning and ad hoc data acquisition. No distinction was made for gender. The mean carcass weight was 13.6Ϯ5.3 kg. Each specimen was subsequently dissected into skin (g), AT(g), muscle mass (Mm) (g), and bone mass (g) immediately after the DEXA scanning and the hydrostatic weighing. The weight of any fluid separating from the tissue was added back to its tissue weight. All tissues were stored in air-tight humidified containers until weighing in order to minimise or eliminate evaporative weight loss. All scans were performed using a fan beam Hologic dual energy X-ray absorptiometry scanner (Hologic QDR series Discovery A, Bedford, Massachusetts). The scans were analysed using system Hologic QDR software for Windows version 12.4:3 (©1986-2001 Hologic Inc.) allowing for the acquisition of total body mass (g), fat mass (g), lean mass (g; muscleϩskin), leanϩBMC (g; muscleϩskinϩbone), BMC (g; bone), and %fat. Each hind leg specimen was scanned twice consecutively with repositioning in between to allow for reliability to be assessed. The DEXA equipment was calibrated daily using an anthropomorphic spine phantom (supplied by the manufacturers) to assess the stability of the measurements. In addition the DEXA was calibrated weekly for body composition using a step phantom that allows for correction of sources or error related to skin thickness. The total leg and separate tissue masses (g) in air were measured twice also whilst placed in a wire cradle suspended by a pulley system connected to a digital scale accurate to 0.05 kg (Arjo model FG2882, SR Instrument; Gloucester, UK) immediately followed by a double measurement under the water to the nearest 0.025 kg. The whole specimen density was determined according to the Archimedes principle, remembering that the difference of carcass mass in air and in water, corrected for the water density, represents the body volume. The carcass density (CD) can be calculated as follows:
where W air denotes carcass weight in air, W water the weight under water, and D water the density of water corrected for the temperature at the time of the measurement. When submerged in water, care was taken to remove any air pockets in the specimen. After the hydrostatic weighing, the hind legs were towel-dried and weighed again in air to avoid weight gain due to water absorption. Normality of all variables was verified with a Kolmogorov-Smirnov test and both the dissection and DEXA data were compared using Pearsons and Spearmans correlation coefficients and Student's paired t tests. Reliability and consistency of these results were verified with an interclass correlations (ICC) test and a Bland-Altman plot was used to assess the agreement of the direct carcass and the indirect DEXA method. All statistical tests were performed using SPSS 14.0 for Windows and a p value of Ͻ0.05 or Ͻ0.01 indicated significant differences. Table 1 combines the mean descriptive and analyzed data of direct dissection (and ashing) with indirect but corresponding DEXA derived BC variables. One observes an almost systematic high (significant) correlation with an equally clear significant difference (pϽ0.05) between measurements, except for the selected and separate scale mass and DEXA mass measurement of the two selected (scraped) bones without the surrounding soft tissues.
Total mass (g) as presented by DEXA equals the sum (Í) of regions and has been compared with total weight of the hind leg (scale mass) and the Í of all separate tissues (AT, Mm, skin, and bone). Connective tissue, nerves, and blood vessels were attributed to the tissue they belong to. Both comparisons resulted in a perfect correlation of 1.0 but with a significant difference between measures (pϽ0.05).
The dissected AT (g) again correlated very well with the fan-beamed fat mass. Its actual measure, however, was clearly significantly different. This finding was repeated in the associated AT/Fat%.
The dissection allowed for a separate evaluation of muscle, skin, and bone corresponding to the real lean body mass (LBM). The DEXA equivalent refers to a) Lean and b) LeanϩBMC allowing for the assumption that Lean equals muscle or that Lean equals muscle plus skin and that LeanϩBMC equals muscleϩskinϩbone. This last version creates ambiguity because BMC equals the mass of its ashing. Therefore, comparison between dissection ATFM tissue combinations was made with the corresponding DEXA combinations, all resulting once again in perfect correlations but clear significant differences (pϽ0.01).
As opposed to all other findings no significant difference occurred between the bone mass measured by DEXA (286.66Ϯ78.88 g) and the scraped bone mass by scales (284Ϯ72.56 g), with a strong correlation of rϭ0.98 (Fig. 1) . The only nonsignificant correlation (rϭ0.39) in combination with its significant difference was found between bone density (g/cm 3 ) and BMD (g/cm 2 ). The ashes of the femur plus ). ICCϭinterclass correlations. os coxae bones gave doubled values of the assumed corresponding BMC, clearly significantly different (pϽ0.01) but with a significant rϭ0.87. The interclass statistics confirmed the consistency between the average measures and the reliability of the overall results. The Bland-Altman confirmed the agreement of the compared methods.
Discussion
Irrespective of morphological and/or chemical composition measurements and nutritional status reference frames such as the 2-component model (Siri, 1956 ) and the 4-component models (Heymsfield et al., 1990; Matiegka, 1921) , there is sufficient evidence that these models have a number of limitations (Cattrysse et al., 2002; Clarys et al., 1999; Clasey et al., 1999; Heyward and Stolarczyk, 1996) . Clasey et al. (1999) suggested that the emergence of the 4-component model as the gold standard for body composition provides an opportunity to re-evaluate existing predicting techniques, e.g., DEXA (a 3-component model), which originally gave information about BMC (g) and (areal) bone density (g/cm 2 ) and in a later stage soft-tissue information also. More recently DEXA has been suggested and accepted as a reference method for measuring % fat but concerns about the validity of DEXA fat measures have resulted in opposed statements, e.g., Snead et al. (1993) , who demonstrated that estimates of % fat by DEXA showed considerable disparity from estimates by densitometry, while Mazess (1997) argues that these changes are within the measurement error limits of the equipment. However, it is too often ignored that other concerns regarding DEXA assessment of % fat exists. Variability exists in methods of calibration, of data acquisition, of used software, of ad hoc interpretations, and of analysis differences between manufacturers (Clasey et al., 1999; Kohrt, 1998 (Mitchell et al., 1997; Swennen et al., 2004) , rhesus monkeys (Black et al., 2001) , piglets (Brunton et al., 1993; Chauhan et al., 2003; Ellis et al., 1994; Elowsson et al., 1998; Koo et al., 2002; Mitchell et al., 1998) , and mice and rats (Bertin et al., 1998; Brommage, 2003; Nagy and Clair, 2000) or with dissection of different carcasses. To illustrate this, Table 2 Table 2) .
The common determinator of all small carcass versus DEXA comparisons are the good to perfect correlations for the soft tissue and BMC, with exception made for 0.34 and 0.68, respectively, in Rhesus monkeys (Black et al., 2001 ) and piglets (Mitchell et al., 1998) . In all small animal studies (Table 2) although with different methodological (e.g., chemical) approaches and in this study (Table 1 ) (e.g., dissection). The DEXA output, irrespective of the body size related software used, is consistently a good predictor of Fat and AT, and consequently of Lean FFM and ATFM. We should remember that the term Fat is commonly used quantitatively when referring to the degree of obesity of a body with Fatness qualitatively referring to the appearance of the body which results from the deposition of adipose tissue. Technically, Fat may be defined biochemically as the ether-extractable lipid which consists of depot lipids. Adipose tissue, being the morphological dimension, can be defined anatomically as the paniculus adiposus (e.g. subcutaneous, intramuscular, and 320 Quality Control of DEXA Variables Behnke (1963) , who has variously estimated the quantity of essential lipid in the human body as being from 3% to 7% of body weight. Behnke also stated that there may be sex-dependent differences in the quantities of essential lipids in the body, females having a greater quantity of essential lipids than males, ostensibly due to metabolically inactive AT (Clarys et al., 1987; Clarys and Martin, 1990; Marfell-Jones et al., 2003; Martin and Drinkwater, 1991; Martin et al., 1994; . It is therefore difficult to understand that the DEXA scanning system is capable of making such distinctions and that X-ray beaming can be expressed in chemical-related variables as claimed by the manufacturers. Looking at mass quantities measured by DEXA (both in vivo and in vitro) there is more of a tendency to believe that DEXA delivers morphological-anatomical masses rather than chemical quantities. This assumption is reinforced by the global comparison of the direct dissection versus DEXA values in Table 1 , e.g., total mass, AT versus Fat Mass, and ATFM versus Lean or LeanϩBMC (FFM). These quantities are convincingly morphological, and doubtfully chemical. The morphological agreement between both measuring methods was supported by the Bland-Altman analyses.
In addition, and as part of a chemical approach to validate the carcass analysis procedure, body fat is calculated on the assumption that 74.6% of LBM (e.g. Lean or LeanϩBMC) is water (Brommage, 2003) . Referring to LBM hydration, its constancy is an automatic result. This assumed constancy of FFM hydration, e.g., the observed ratio of total body water to FFM, was confirmed by Wang et al. (1999) . However, the assumption is subject to some common questions that highlight the need for more research on the matter. Viewing Tissue Water Content (TWC) obtained by lyophilization (Table  3) in several studies, one can make two observations: (1) assuming a constant % of water in FFM may be jeopardized by the variable TWC within and between the tissues that compose FFM; and (2) water content in AT is highly variable, e.g., ranging from Ϯ17% to Ϯ84% ) and likewise (Wang et al., 1999) we also raise the questions a) Does body adiposity influence hydration? and b) Does a DEXA X-ray attenuation coefficient, being a direct function of an average atomic number (Brommage, 2003) allow for a correct quantification? Considering the data of Tables 1 and 3 , this is doubtful.
At this point, this discussion has not elaborated on the fact that DEXA provides a projected areal density (BMD), which is not a true density measurement. A real bone density based on a weight/volume (g/cm Ϫ3 ) relation decreases with age and has been associated with osteoporosis. A bone density measured by DEXA is based on a surface detection and becomes a weight/surface (g/cm Ϫ2 ) relation which is almost half of the value of the real density. What is the relation between areal BMD of DEXA and osteoporosis? Looking at the average data in Table 1 on the one hand and confounding both the weight/volume and the weight/surface densities on the other hand, one might diagnose osteoporosis erroneously.
Conclusions
The direct dissection data of porcine hind legs confirm the good and close correlations of previous chemical carcass analysis studies with the DEXA data acquisition model and confirm likewise its capacity as a good predictor of Fat/AT, muscle, Lean/ATFM, total body mass, and total bone mass quantities except for BMD. This study equally confirms the lack of accuracy of DEXA in the capacity of measuring total mass, Fat mass/AT mass, lean and LeanϩBMC/ATFM, Fat/AT%, and BMC/Ashed Bone Mass. This study also gives reason to believe that the amount of water in lean mass influences the estimated amount of AT and suggests equally that the variable water content of AT may influence ATFM. Although this study was initiated as a pilot study, it shows possible evidence to warn for faulty density interpretations using DEXA equipment. The combination of all findings of this study suggests therefore insufficient confidence in the ability of DEXA to accurately measure the variables it claims to measure. But considering the strong correlations, DEXA does allow for acceptable approximating predictions.
Finally, one of the reasons for using plain hind legs of adult pigs was to avoid error that could occur because of the abdominal and thoracic organs and the associated air/gas pockets internal adiposity and AT content in the spinal canal. The outcome of this study suggests the opposite. Measuring skin, AT, muscle, and bone only (ϭhind leg) with DEXA is not enough. Since in this case hydrodensitometry is not the issue, DEXA quality control needs further research and ad hoc validation with whole body carcasses, all tissues included and all analysis methods (e.g., chemical and morphological) included.
